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1. Abstract
This report consists essentially of ortho- and clinopyroxene analyses that
were used as a basis for a previous publication entitled "Restudy of the
Pyroxene-Pyroxene Equilibration Temperatures for Ordinary Chondrite
Meteorites" by Bunch and Olsen (1973). In addition, detailed procedures
2+for calculation of the Ca effect on Fe -Mg ion exchange equilibria in
pyroxenes, using the Blander model (Blander, 1972), are presented.
2. Analytical Methods
We employed standard microprobe techniques for the analyses (15 kV,
0.03 yA, and 40 sec counting time). However, to ensure the most accurate
data possible, we ran duplicate analyses on three grains each of opx and
cpx (a few specimens contain.less than three cpx grains) together with
two different raw data correction methods as checks on analytical preci-
sion and correction procedures. Only those analytical summations of
between 99.20 and 100.80 wt.;,%, and cation summations between 3.980 and
4.020 (based on 6 oxygens) were used. In addition, those clinopyroxenes
with an FeO variation (among three grains) of >10% of the amounts present
and >5% variation for MgO were discarded. Similarly, specimens showing
variations of >15% for FeO and >8% MgO for orthopyroxene were also discarded.
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3. Ortho- and Clinopyroxene Analyses
Analyses, structural formulae, and end-member compositions of most opx and
cpx used in the initial study are given in Tables 1-6. In addition, data
for pyroxenes in disequilibrated or nonequilibrated chondritic meteorites
are given in Tables 7 and 8.
4. Additional Analytical Results
The amount of CaO in Clinopyroxene (cpx) vs. CaO in orthopyroxene (opx)
shows a dependence on classification (Fig. 1), with H-group cpx having the
highest CaO content and LL-group cpx the lowest. On the other hand, opx
shows an inverse relationship with LL-group opx having the highest CaO and
H-group opx the lowest; the analytical scatter is quite large for opx,
causing overlap among LL and L data points. Davis and Boyd (1966) have
indicated that CaO in both pyroxenes is a function of temperature, although
we have shown previously (Bunch and Olsen, 1973) and will show below, that
all ordinary chondrites equilibrated at the same temperature, regardless of
CaO content.
There has been some disagreement in the literature as to the actual
existence of LL-group chondrites since Keil and Fredriksson (1964) proposed
this classification. They demonstrated a distinct grouping of H, L, and LL
chondrites using many compositional parameters. Ratios of Fe/(Fe + Mg) in
olivine vs. Fe/(Fe + Mg) in cpx, for example, show a clear separation of the
three groups. Similarly, mole percent Fe in cpx vs. mole percent Fe.in opx
analyzed in this work shows a clear separation of H, L, and LL pyroxenes
(Fig. 2) and supports the argument for an LL-group of ordinary chondrites.
5. Blander Model Calculations for Ca Effect on Clino-Orthopyroxene Equilibria
Blander (1972) has placed serious doubt on the validity of the pyroxene-
pyroxene geothermometer if the strong preference of Ca ions for M(2)
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sites in cpx is considered. According to Blander, this strong preference
of Ca for M(2) sites blocks these sites in cpx and the Fe *-Mg exchange
equilibria is thus highly sensitive to Wo content. This effect on
thermodynamic properties is calculated by three equilibria, which are
partly dependent on three AG° values; two are known and the third (AG° )
is unknown, the best estimate of this value by Blander being -425 cal/mole.
Now, to calculate the Ca effect on our H, L, and LL pyroxene equilibria,
i..e_., to calculate a curve to pass through the H, L, and LL group
(Fe/Mg) " /(Fe/Mg) " with the appropriate Wo content using Slander's equa-
tions and constants, a temperature of -1500° C is required, which probably
indicates that Slander's estimate of AG?_ is wrong. By assuming an
equilibration temperature for the H-group to be 800° C and then using
Slander's equations, the calculations can be run in reverse to compute
AG° , which calculates to be +330 cal/mole.
After the necessary F-numbers (site fractions) are calculated for each
. .. cpx
of the three Wo contents, a set of calculated Xp^  values are obtained for
each Wo value.
Next, we obtain
cpx
 xopx
AFe Fe
and then
opx opx
M l " XFe
Ycpx Ycpx Ycpx
AFe AFe AFe
Yopx .. Ycpx Ycpx , Ycpx Wn
*Mg i " *Fe " *Ca L ~ AFe " WO
We now have values for the coexisting pyroxenes in terms of the ratios
Kretz (1963) used, and these are plotted to construct curves that pass
through our original group average (Fe/Mg " )/(Fe/Mg " ) points, which
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means that the spread of observed points is completely accounted for by
differences in Wo content and all chondrite groups equilibrated at the
same temperature.
The following is the detailed procedure we followed for calculating
the Ca effect on Fe-Mg exchange equilibria for H-, L-, and LL-group
chondrite pyroxenes:
To Blander's reaction (11), p. 791, there is a AG°
To Blander's reaction (12), p. 792, there is a AG°3
To Blander's reaction (13), p. 792, there is a AG°
•5^ T
Good estimates are given for AG° and AG° ;
AG° =3600 cal/mole, AG°4 = 7500 cal/mole.
AG° was a rough guess at—425 cal/mole. By using this value in the
equation, a temperature of 1500° C would be necessary to pass a curve
through the H-group point in Fig. 3. Since this temperature is above the
liquidus, it follows that the AG° value is in error, as we stated above.
± J . . . .
Therefore, we assumed an equilibrium temperature of 800° C, which allowed
an estimate of +300 cal/mole to be made.
Since
AG° = -RT In K
then for 800° C
AGJ2 = 3600, K12 = 0.1847;
and
AGJ3 = 330, K13 = 0.8562;
AG°4 = 7500, K34 = 0.02966
To obtain Blander's F-numbers and to calculate distribution curves,
we arbitrarily chose a set of F-numbers (which are convenient, independent
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variables in terms of the equation). We chose the F's to be 0.04, 0.12,
and 0.20 in Table 9. For the H-group, Wo = 0.46 and the temperature is
arbitrarily set at 800° C; all other variables are now fixed.
Example: for F. = 0.04; from Slander's equation (15a) (p. 792) we can
calculate F, since P2 . KIZ , ;* . KIZ)
where
FX = 0.04
K12 = 0.1847
Similarly, for F = 0.12 and F = 0.20, using the same K each
1 L
 F + F
time. The F 's are given in Table 9. Now, X°px = -=-r—- (Slander's
equation 16). From the chosen FI and calculated F_, we get each Xp"
as given in Table 9.
From Slander's equation (15b), we see that F is a function of F
and K,,, which = 0.8562. Thus, we calculate that F_'s associated with
X o o
each chosen F . These are listed in Table 9.
From Slander's equation (15c), we see that F is a function of F ,
which we know is 0.02966. Thus, we obtain the F's associated with
the original F 's and the associated F 's and F's.
Now, from Slander's equation (17), we see that
F,
Since we have the calculated F 's and F 's, then for our chosen
W content, 0.46, we get a set of calculated Xp"x.
Now, we obtain
yopx
XFe
xopx
V
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which is
Yopx
1 xopx1
 "
 XFe
and
cpx
XFe
X.cpx
which is
Ycpx Ycpx cpx
Fe Fe Fe
1 .
 X
cpx
 - Xcpx 1 - Xcpx - W 1 - Xcpx - 0 46Fe XCa i XFe o i XFe °'46
We now have values for the coexisting pyroxenes in terms of the ratios
Kretz used, and these are ready for plotting. The next step is to repeat
the entire process for the same F's (0.04, 0.12, 0.20) for each different
Wo content (L = 0.45 and LL = 0.44). All K's remain the same. A summary
of values is given in Table 9. Data points from these calculations are
plotted in Fig. 3 and curves are drawn through these points, which pass
through the group averages for H, L, and LL pyroxenes. This means, of
course, that the spread in the observed points is completely accounted for
by the difference in Wo content—they represent the same temperature. The
value of 800° C is not significant, since it was chosen to calculate a
reasonable AG° value. Any arbitrarily chosen temperature and resulting
AG° value would produce curves that plot in exactly the same place. Until
we know an experimentally or empirically determined temperature, with
well-determined ratios XFe/XMg for each pyroxene and very accurate Wo con-
tents, the pyroxene-pyroxene geothermometry is useful only as an indicator
of relative temperatures.
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Fig. 1. Weight percent CaO in cpx vs. opx. Crosses indicate average
CaO for each group.
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Fig. 2. Mole percent Fe in cpx vs. opx that illustrate clustering
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Fig. 3. Linear plot of average compositions for H, L, and LL pyroxenes
and a construction curve for each group average Wo content calculated
from the Blander model for an assumed temperature of 800° C.
